T he most fundamental features of cardiac conduction still are unknown-the events of excitation spread inside individual cells and the events that occur when the excitatory impulse is transferred from one cell to its neighbors during multidimensional propagation in cardiac muscle. The absence of information about multidimensional conduction events at a cellular level has made it difficult to perform quantitative analyses of information accumulated over the past decade that has shown that cellular coupling provides a major basis for reentrant arrhythmias.' For example, in the absence of repolarization inhomogeneities, reentry can be initiated in areas in which there is sparse side-to-side electrical coupling between cardiomyocytes.1-4 To understand the mechanisms of normal and abnormal cardiac conduction events that occur at the larger macroscopic or gross anatomic size scale, the size scale at which most cardiac conduction measurements are made, it is necessary to learn how the currents of the sarcolemmal membrane ionic channels interact with the anatomic boundaries of individual cells and their electrical interconnections. Up to this point, however, details of the nonuniform distribution of cardiac gap junctions and of the irregular geometry and arrangement of cardiac myocytes have not been included in the experimental or theoretical analysis of cardiac conduction.
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In this issue of Circulation, Peters et als provide important new information about the spatial distribution of electrical and mechanical intercellular connections (gap junctions and fascia adherens junctions, respectively) in the neonatal human ventricle. These authors go on to describe the sequence of postnatal changes that occur in the spatial organization of these intercellular connections. The following comments focus on the electrophysiological implications of their morphological studies.
Before considering their results, however, it is important to note that in a conduction model it is difficult to describe the nonuniform topology of gap junctions and the associated irregular shapes of naturally occurring
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cardiomyocytes. It follows that without a conduction "model" of cardiac cellular structure, it is equally difficult to achieve quantitative experimental analyses of normal and abnormal conduction events at a microscopic-size scale. Consequently, cardiac conduction has been analyzed experimentally and in numerical models by focusing on the sarcolemmal ionic currents while considering the effects of cellular structure to be the average effect of many cells, especially the macroscopic conductivities along the longitudinal6 and transverse7,8 axes of cardiac fibers.
In contrast to the foregoing, the science of cardiac gap junctions has undergone remarkable advances based on electrophysiological measurements of the unitary conductance of gap-junction channels (connexons),9-11 models of the structure-activity relations of the cardiac gap-junction channel,12,13 and electron micro- The importance of these advances to the investigation of normal and abnormal cardiac conduction is that they now make it possible to develop realistic cellular conduction models23 to make predictions needed in an emerging new area of cardiac electrophysiology -analysis of normal and abnormal cardiac propagation events at a microscopic-size scale.24-27 Detailed information about the spatial distribution of gap junctions is crucial to this problem to evaluate the effects of electrical loading on the transfer of action potentials from cell to cell as well as to learn how the conduction of depolar- In contrast to the foregoing picture of the adult mammalian ventricle, Peters et a15 demonstrated that at birth the distribution of the electrical and mechanical connections between human ventricular myocytes is quite different. These authors used confocal microscopy and immunolocalization of gap junctions (connexin43) and fascia adherens junctions (N-cadherin) to investigate ventricular myocardium from pediatric patients undergoing surgery for congenital heart disease and from pediatric cardiac transplant donor hearts. In the neonatal ventricle, the gap junctions and fascia adherens junctions were distributed in a punctate manner over the entire surface of the myocytes. Although the gap junctions and fascia adherens junctions generally had a close spatial association, the two types of junctions frequently were not closely adjacent in infants but became increasingly so with maturation of the intercalated disk. That is, during postnatal development the gap junctions and fascia adherens junctions became less diffusely distributed as lateral connections between adjacent cells, and both types ofjunctions were progressively confined to the transverse terminals characteristic of the intercalated disks of adult ventricular myocytes. The adult pattern of intercalated disks was achieved at about 6 years of age. Peters et al5 pointed out that this establishment of postnatal hemodynamics and after most of the cardiac alterations have occurred due to mechanical loading, eg, after the phase of rapid increase in circumferential and peak systolic stress in the ventricular wall during the first 2 to 3 years of life. 35 The results of Peters et a15 thereby provide a picture of developmental changes that lead to the composition and distribution of intercalated disks of the mature ventricle in older children and adults. In turn, the developmental changes described by these authors should be important in evaluating the long-term effects of surgical correction of congenital cardiac defects in children at different ages. For example, in attempts to document an optimal time for corrective surgery, the postnatal sequence of change in the distribution of cellular junctions will need to be included as a potentially important factor for the prevention of long-term postoperative arrhythmias, some of which are quite puzzling because they can develop many years after surgical correction of a congenital cardiac defect.
Relation Between the Topology of Gap Junctions and Anisotropic Conduction
It now clear that when the side-to-side electrical connections between cardiac fibers become less frequent, the effective conduction velocity across groups of cells (transverse propagation) decreases.1"34 In this relation, we have noted that an increase in microscopic collagenous septa has correlated with a decrease in side-to-side electrical coupling between fibers, which can be judged qualitatively from an electrical standpoint by the extent of notching in the extracellular potential waveforms and their derivatives during transverse conduction.4'24 In atrial pectinate bundles from children, we found the mean effective transverse conduction velocity to be 0.12 m/s.4 These bundles had smooth extracellular waveforms with little notching, indicating there is extensive side-to-side coupling between fibers (uniform anisotropy'). Histologically, the pectinate muscles from children contained collagenous septa that were short and rod-shaped, and the collagenous bundles did not completely surround fiber groups, thus allowing for a plethora of side-to-side sarcolemmal contact sites. 36 However, in larger pectinate muscle bundles from adults older than 50 years, the mean effective transverse velocity was only 0.085 m/s (P<.01).4 During transverse propagation in these older bundles, the extracellular waveforms had multiple notches, indicating an intermittent absence of side-to-side connections between fibers for at least several cell lengths (nonuniform anisotropy). Histologically, elongated prominent collagenous septa were present, and the septa often completely surrounded fiber groups.4 '24 In atrial muscle bundles, therefore, we have considered prominent collagenous septa to mark areas where there could not be side-to-side electrical coupling between cells. That is, there are no sarcolemmal apposition sites between cells where collagenous septa separate the fibers,14'24 and consequently current cannot flow in a side-to-side direction between the cytoplasmic domains of adjacent cells at these sites. The use of collagenous septa as markers of "insulated" side-to-side electrical barriers is noted here to emphasize a point made by age of maturation is considerably beyond the time of Peters et Ofrom an electrophysiological viewpoint the principal feature is the distribution of the gap junctions rather than the connective tissue per se.
The foregoing developmental changes in the topology of ventricular gap junctions described by Peters et al,5 the changes in atrial gap-junction distribution with aging,4,24 and the changes that occur with remodeling in healed ventricular infarct border zones1421 taken together suggest that a major adaptive structural response of cardiac muscle is a progressive loss of side-to-side electrical connections. An important feature of the loss of side-to-side electrical coupling in normal hearts is that the process appears to have a different time course in different cardiac structures. Further, at maturity, the topology of gap junctions varies from structure to structure; eg, the distribution of gap junctions is different in the crista terminalis of the atrium than it is in the ventricular wall.37 In canine atria, during postnatal development there is considerable loss of side-to-side electrical connections between fibers in the upper crista terminalis and in the limbus of the fossa ovalis.38 Similar changes appear to lead to nonuniform anisotropic properties of the transition zone of the atrioventricular node in adult mammalian hearts.1"39 However, in the normal adult ventricular epicardium it is difficult to identify areas with sparse side-to-side electrical connections between fibers (nonuniform anisotropic electrical properties'), and the rare areas that can be identified occur near blood vessels in association with prominent collagenous septa. Consequently, the normal maintenance of an adequate number of side-to-side electrical connections between fibers throughout the ventricular wall provides protection against the initiation of reentrant ventricular arrhythmias. Conversely, the loss of side-toside electrical connections between fibers (nonuniform anisotropic properties) is associated with an enhanced propensity for the initiation of reentrant circuits.1'3 Hypothesis for Future Investigation
The foregoing generates a major question -what are the factors that control the general response of cardiac tissues that lead to a loss of side-to-side electrical coupling between fibers in different cardiac structures? The close association between an increase in collagenous septa with a progressive decrease in side-to-side electrical coupling between cardiac fibers has been impressive in data accumulated thus far.13'4'2438 Watson40 has detailed a number of observations supporting the concept that the mechanical forces perceived by cells may dictate their shape, and the combined effects of external physical stimuli and internal forces responsible for maintaining cell shape may stimulate alterations in cellular biochemistry (mechanotransduction). Vandenburgh41 also has shown that mechanical forces play an important role in modulating the growth of a number of tissues, including cardiac muscle. With regard to collagen, Weber et a142 have recently reviewed the interrelations between function, structural remodeling, and regulatory mechanisms of collagen in preserving tissue architecture of the myocardium.
In view of the foregoing, the close association between collagenous septa and the distribution of side-toside electrical connections between cardiac fibers suggests the following hypothesis for future investigation: genetic expression of the systems that regulate the distribution of collagenous septa and the side-to-side electrical connections between cardiac fibers are under similar developmental and regional control.
